Inland waters were recently recognized to be important sources of methane (CH4) and carbon 8 dioxide (CO2) to the atmosphere, and including inland water emissions in large scale greenhouse 9 gas (GHG) budgets may potentially offset the estimated carbon sink in many areas. However, the 10 lack of GHG flux measurements and well-defined inland water areas for extrapolation, make the 11 magnitude of the potential offset unclear. This study presents coordinated flux measurements of 12 CH4 and CO2 in multiple lakes, ponds, rivers, open wells, reservoirs, springs, and canals in India. 13
CO2 was 2927 ± 3269 µatm (range -400 to 11467 µatm). Conservative extrapolation to whole 20 India, considering the specific area of the different water types studied, yielded average emissions 21 of 2.1 Tg CH4 yr -1 and 22.0 Tg CO2 yr -1 from India's inland waters. When expressed as CO2 22 equivalents, this amounts to 75 Tg CO2 equivalents yr -1 (53 -98 Tg CO2 equivalents yr -1 ; ± 1SD), 23 with CH4 contributing 71%. Hence, average inland water GHG emissions, which were not 24 previously considered, correspond to 42% (30 -55%) of the estimated land carbon sink of India. 25
Introduction 29
Methane (CH4) and carbon dioxide (CO2) are two major greenhouse gases (GHG) present in the 30 atmosphere and widely studied in the recent years because of their contribution to global 31 warming (Forster et al., 2007) . Carbon dioxide has a direct effect on the Earth's climate and has 32 contributed most to the changed greenhouse effect since 1750. Methane is about 25 times more 33 potential than CO2 on a mass basis over a 100-year horizon and is seen as the second most 34 important contributor to the atmospheric radiative forcing (Forster et al., 2007) . Inland waters 35
were recently identified as important sources of CH4 and CO2. Global freshwaters are frequently 36 supersaturated with CO2 resulting in significant emissions to the atmosphere (Cole et al., 1994 , 37 Raymond et al., 2013 . This excess CO2 can be a result of respiration of externally derived 38 organic matter within the aquatic system or by direct inputs of CO2 from the surrounding soils. 39
Degradation of organic matter under anaerobic conditions leads to the production of CH4, by the 40 process of methanogenesis. Although a large share of the CH4 produced can be oxidized by 41 methanotrophs before reaching the atmosphere, substantial amounts can be emitted to the 42 atmosphere by diffusion, ebullition, plant-mediated flux and storage flux (Bastviken 2009) . 43
Global emissions from inland waters have been estimated at 0.65 Pg of C (CO2 equiv.) yr −1 in the 44 form of CH4 (Bastviken et al., 2011 ) and 1.2 -2.1 Pg C yr -1 as CO2 (Aufdenkampe et al., 2011, 45 based on lake, reservoir, stream and river categories; Raymond et al. 2013) .Therefore it has been 46 suggested that CH4 and CO2 emissions from inland waters counterbalances a large portion of the 47 land carbon sink globally. However, these global estimates still suffer from severe data 48 limitations and bias in data distribution. For example, tropical regions, shown to have high pCO2 49 levels and the highest CH4 emissions per unit area, are not represented properly and tropical data 50 in the international literature comes primarily from South America (Richey et al., 2002; Melack 51 et al., 2004; Marotta et al., 2009; Bastviken et al., 2010) . In addition, method limitations 52 including underestimates of CH4 ebullition, lack of night time CO2 flux measurements, and 53 difficulties to assign specific areas for upscaling to specific types of inland waters makes the 54 global estimates uncertain. Thus, the indications based on the global estimates (e.g. Bastviken et 55 al., 2011; Raymond et al. 2013) need to be tested at the regional level where more detailed 56 information for upscaling is available. 57
India cover a tropical region estimated to contain about 152,600 km 2 of inland and coastal waters 58 (SAC, 2011) . Inland waters alone occupy an area of around 105,600 km 2 (SAC, 2011) . There are 59 few previous inland water CH4 emission measurements from India in the international literature 60 (Singh et al., 2000; Nirmal Rajkumar et al., 2008; Mallick & Dutta, 2009 ). Likewise, inland 61 water CO2 emissions studies are rare and were primarily conducted in estuaries and lagoons 62 (Sarma et al., 2001; Gupta et al., 2008; Gupta et al., 2009; Sarma et al., 2011) . Nevertheless, 63 defined area estimates of different inland water types (SAC, 2011) and a high population density 64 (in contrast to the more pristine areas typically studied) makes India an interesting case study of 65 large scale importance. The aim of this study was to (1) measure CH4 and CO2 emissions from 45 66 water bodies and running waters in South India and (2) to extrapolate the emissions of the 67 specific categories of inland waters represented by our measurements to the whole of India and 68 thereby estimate the influence of inland water CH4 and CO2 emissions on India's greenhouse gas 69 inventory. 70
Materials and methods 71

Study sites 72
Forty-five aquatic systems were sampled including lakes, ponds, rivers, open wells, reservoirs, 73 springs, canals and one brackish water lake in the states of Tamil Nadu, Kerala and Andhra 74 Pradesh ( Figure 1 , Table S1 ). In Tamil Nadu, samples were collected in all seven agro-climatic 75 zones, which were described by the Planning Commission of India (Karuppaiyan, 2002) . The 76 zones and the districts sampled were as follows: Cauvery delta zone -Thanjavur, Northeastern 77 zone -Chengalpattu, Western zone -Coimbatore, Northwestern zone -Dharmapuri, High 78
Altitude zone -The Nilgiris, Southern zone -Tirunelveli and Dindigul, and High Rainfall zone -79
Kanyakumari. These zones were classified based on soil characteristics, rainfall pattern and 80 ecological characteristics and they represented different environmental conditions and 81
topography. 82
Samples were also collected from Ernakulam and Thrissur districts in Kerala and Nellore district 83 in Andhra Pradesh. Nellore district located on the east coast of South India has the largest total 84 area of waters in Andhra Pradesh whereas Ernakulam and Thrissur have the 2 nd and 4 th largest 85 total water area respectively in Kerala (SAC, 2011) . 86
In total 3 canals (man-made channels or waterways used to convey water for irrigation purposes), 87 3 springs (water from the underground emerging and flowing on the surface of the soil), 5 88
reservoirs, 6 open wells (accessing the groundwater by means of digging deep into the ground, 89 mainly used for irrigation in these cases), 7 lakes, 10 ponds and 11 rivers were studied. Lakes and 90 ponds were separated based on area: water bodies having an area of 1 m 2 to 2 hectare were 91 classified as ponds while natural water bodies with larger areas were considered as lakes (Biggs 92 et al., 2005) . In all the rivers, samples were collected in the middle reaches. 93
The GPS positions, pH, electrical conductivity, and a brief description of the systems are given in 94   Table S1 . The water temperature in the studied systems ranged from 19 to 35°C. Most of the 95 inland waters sampled were surrounded by agricultural lands and a few were close to human 96 settlements. There were some industrial activities around one of the lakes (Kolavai Lake). Some 97 reservoirs, rivers and lakes were isolated from agricultural and human activities and were 98 surrounded by forests. Among the sampled systems, 13 of them contained a high abundance of 99 macrophytes in the sampled areas (see Table S1 for details; note that open water fluxes, and not 100 plant emissions, were measured in this study). 101
We measured CH4 and CO2 fluxes using replicate floating chambers addressing spatial variability 102 as well as diel variability where practically possible. We made replicated flux measurements in 103 space for CH4 (n = 6 to 10) and in time for CO2. Previous findings of within system variability 104 being as great as between system variability for CH4 (Bastviken et al., 2010) , shows that such an 105 approach with replicated measurements in each system generates more representative fluxes and 106 is preferable for extrapolation compared to single measurements in a larger number of systems. 107
We made flux measurements using flux chambers to capture both ebullition and diffusive flux 108 during the measurement period. The more common diffusive flux estimates from 109 parameterizations based on wind speed and single concentration measurements are cost efficient 110 and provide valuable indications, but do not include ebullition and are sensitive to the choice of 111 parameterization (there can be 2-fold differences; Bade, 2009), available local wind speed data, 112 as well as system size and morphometry (Schilder et al., 2013) . Therefore, surface water 113 concentrations were not used to calculate fluxes. Instead, concentration measurements were used 114 as an independent way of evaluating the relative differences between systems regarding diffusive 115 CH4 fluxes and CO2 fluxes and for estimating relative contribution of diffusion and ebullition of 116 CH4 using the method by Bastviken et al. (2004) . All measurements were carried out between the 117 end of January and the beginning of April, 2011. 118
119
CH4 flux and concentration measurements 120
Floating flux chambers were used for flux measurements as described in detail previously 121 (Bastviken et al., 2004; Bastviken et al., 2010) . The type of chambers used was previously shown 122
to not bias fluxes relative to measurements based on SF6 additions (Cole et al., 2010) or gas 123 exchange measurements based on other methods (Gålfalk et al. 2013) . The chambers were made 124 of plastic buckets having 6.5 L volume and being equipped with polystyrene floating collars so 125 that the chamber walls were submerged 3 cm into the water to seal the chamber. Transparent 126 PVC tubing (length 56 cm, outer diameter 5mm and inner diameter 3mm) fitted with 3-way luer-127 lock valves (Becton-Dickinson) were used for transferring gas samples from the chambers into 60 128 mL plastic syringes upon sampling. 129
Each chamber was covered with aluminium tape to reflect the sunlight and minimize internal 130 heating. Six to ten chambers were used in each system for the flux measurements. For CH4 flux 131 measurements, two initial ambient air samples were taken upon chamber deployment and final 132 samples were collected from individual chambers. The chambers were deployed for 24 hours in 133 23 systems, and for 1 to 8 hours in the remaining 22 systems (due to difficulties in getting 134 permissions related to safety issues such as risk for wild animal attacks during night time, and for 135 transport constraints when deploying free floating chambers on rivers). Before sampling, the gas 136 inside the chambers was mixed by pumping the syringe three times when it was attached to the 137 chamber. Gas samples were immediately transferred to 20 mL glass vials pre-filled with saturated 138 NaCl solution without headspace and capped with a 10 mm massive rubber stopper (Part no: 139 034610,Apodan, Copenhagen, Denmark) and an aluminium crimp seal. The vials were held 140 upside down and while the sample was injected the excess NaCl solution was allowed to escape 141 through a separate needle. In this way undiluted gas samples could be transferred to glass vials 142 for storage until analysis (Bastviken et al., 2010) . 143
Surface CH4 concentrations in the water systems were measured as described elsewhere 144 (Bastviken et al., 2010) . Briefly, a 60 mL syringe fitted with a 3-way valve was used to draw 145 water from about 6-10 cm below water surface. The first water portion was used to rinse and 146 remove residual air in the syringe and then a second portion of water of about 45 mL of water 147 was drawn into the syringe. The water level was subsequently adjusted to 40 mL and then 20 mL 148 of air was added while holding the syringe above the head to avoid contamination by breath. The 149 syringe was shaken vigorously for at least 1 minute equilibrating the gas between the water and 150 the headspace. The headspace gas was then transferred to NaCl storage vials as described above. 151
Air samples from atmosphere were also collected and stored in order to correct the CH4 152 concentration measurements by subtracting the concentration already present in 20 mL air, thus 153 accounting for only the CH4 originally present in the 40 mL water sample (Bastviken et al., 154 2010) . The amount of CH4 that remained dissolved in the sample syringe was estimated using 155
Henry's Law adjusted for temperature (Wiesenburg & Guinasso, 1979) . The total amount of CH4 156 in the sample syringe including the headspace and remaining dissolved CH4 was calculated andthis amount was then divided by the water sample volume to obtain the surface water CH4 158 concentration. In total, 277 CH4 flux and 139 surface water CH4 concentration measurements 159 were made. The total CH4 flux into the chamber includes both diffusion and ebullition. The 160 relative contribution of these two flux pathways was calculated according to Bastviken et al. 161 (2004) . 162
163
CO2 flux measurements and pCO2 164
The flux chamber used for CO2 measurements was fitted with two tubes, one as inlet tube and the 165 other as outlet. A small, handheld infrared detector (CO2Meter, Florida, USA -K33-ELG), 166
having an inlet and outlet to sample gas using an internal pump, was connected with the chamber 167 and circulated the gas through the chamber and the detector while monitoring concentration over 168 time. Long-term measurements are not appropriate for CO2 as it equilibrates rapidly with water. 169
The chamber was attached with the detector immediately after it was deployed. The detector was 170 programmed to mix the gas in the chamber initially by pumping and then six repeated 171 measurements were made every 3 rd minute with a pre-pumping of gas through the system for 60 s 172 before each measurement to ensure well mixed conditions in the chamber headspace and the 173 tubing. Duplicate measurements were performed by subsequent deployments at each 174 measurement occasion. At 14 sites, measurements accounted for diel variability by including at 175 least early morning and late afternoon/evening fluxes. Carbon dioxide flux was calculated by 176 using rates of change of CO2 concentration in the flux chambers (obtained through linear 177 regression of the six repeated measurements versus time). To calculate fluxes, this concentration 178 was divided by the area of the chamber and the time. 179
Partial pressure of CO2 in the surface water (i.e. the pressure of CO2 being in equilibrium with the 180 water concentration; pCO2) was measured by using the same CO2 flux chambers but by leaving 181 them for at least one hour in the water. In this way, the gas in the chamber equilibrated with the 182 water as confirmed by four stable CO2 readings every 3 rd minute (stable defined as variation 183 within 10%). The resulting partial pressure of CO2 in the chambers represented pCO2 and was 184
proportional to the water concentration according to Henry's Law. Diel variability was measured 185 in five systems. The mean flux from each studied system was attributed to the appropriate inland water category 207 in the atlas based on the definitions in SAC (2011) (also see Appendix S1). Then the mean flux 208 from each category of inland water was extrapolated to its area. About half of our CH4 flux 209 measurements were for 24 hours. In cases where we did not have 24 hour measurements we used 210 the average of the measurement period to estimate daily fluxes which were multiplied by 365 to 211 yield yearly fluxes. For CO2 fluxes, averages of diel measurements were used to calculate daily 212 fluxes when available. For systems without diel information, we used the daytime fluxes to 213 estimate annual fluxes. Yearly emissions of CH4 in Tg was converted to CO2 equivalents 214 assuming a global warming potential of 25 over a 100 year period (Forster et al., 2007) . This was 215 then added together with the CO2 emissions to estimate the total emissions of CO2 equivalents. 216
As required in mass flux extrapolations to account for rare high-flux events such as ebullition, 217 which constitute a large share of the total flux, averages and not median values were used. Therefore, only about 60,700 km 2 was considered for the estimate, though the total inland water 223 area is close to 105,600 km 2 (which include aquatic vegetation) (SAC, 2011) . Our estimate also 224 excludes extensive rice fields, which are considered as agricultural emissions in the national 225 inventory (INCCA, 2010 ; the national wetland atlas excludes rice fields in the area estimates), 226 and the coastal waters. We thus give a conservative estimate of how much the carbon sink could 227 be offset by inland open waters fluxes (see also Discussion). 228
To estimate the variability for the extrapolated CH4 and CO2 emissions we used the Monte Carlo 229 approach. Based on the observed distribution of the flux measurements of each water body 230 category, 1000 sets of random flux data with 500 data points each were generated. The mean 231 value was calculated for each of these 1000 sets of random flux data and then the coefficient of 232 variation for these mean fluxes was used as a variability estimate. The maximum coefficient of 233 variation among the water body categories was taken as the uncertainty for the overall inland 234 water emission estimate. 235
Results 236
Flux and concentration measurements 237
Methane fluxes were highly variable and the total flux from all 45 systems (including the 238 brackish water lake) ranged from 0.009 to 52.1 mmol m -2 d -1 , with a mean total flux ± 1 SD of 7.8 239 ± 12.7 mmol m -2 d -1 (Table 1, Table S2 , Figure 2a (Table 1, Table S2 , Figure 2b ). Water concentrations of CO2 (expressed as pCO2) ranged 255 from 400 to 11467 µatm (a mean value of 2927 ± 3269 µatm; see Table 1 and Table S2 for 256 averages and ranges). Open wells emitted significantly more CO2 when compared to lakes, rivers 257 and reservoirs (p < 0.001; Figure 2b ), but similar to ponds (springs and canals were excluded 258 from the analysis because of limited data). Open wells also had significantly higher pCO2 than the 259 reservoirs and rivers (p < 0.001) but not significantly different from ponds and lakes. We noted 260 high pCO2 and CO2 flux during measurements at sunrise, which may reflect that CO2 was higher 261 during the dark period due to dominance of respiration over photosynthesis. Carbon dioxide 262 emissions in the morning were on an average 157% (range = -52 to 880%, median = 46%, n = 263 14) higher than afternoon or evening measurements and pCO2 were 150% higher (range = -63 to 264 458%, median = 115%, n=5). Hence, there is a possibility that our CO2 fluxes were 265 underestimated because it was not possible to perform night-time flux measurements in all 266 systems for safety reasons. 267
The diffusive fluxes and the concentrations were well correlated (Spearman rho, r 2 = 0.94 and 268 0.82 for CH4 and CO2, respectively; see also The mean CH4 and CO2 fluxes from six lakes were included in the natural lake/pond and natural 273 oxbow lakes categories (assuming similar emissions), excluding data from the brackish lake 274 (Pulicat Lake). Emissions from rivers were used for the river/stream category. Additionally, 275 emissions from canals were also included here because canals were made by diverting rivers for 276 the purpose of irrigation. Emissions from riverine wetlands were assumed to be similar to 277 rivers/streams. For the reservoir/barrage category, emissions from five reservoirs were used. All 278 open wells that we sampled were man-made for agricultural use and they were included in the 279 tank/pond category. All ponds were included here as well as they were either man-made or 280 modified by man to suit agricultural or domestic purposes. Springs were excluded from the 281 extrapolation as we did not find any suitable area to associate them with in the atlas. Springs were 282 sampled to study emissions from ground water and we found that the spring emissions were 283 comparable to open wells. 284
We estimate the emissions of CH4 and CO2 from the whole of India's inland waters to 2.1 Tg 285 CH4 yr -1 and 22.0 Tg CO2 yr -1 , respectively (Table 4) , when the mean fluxes from our study were 286 used for the corresponding category in the atlas (SAC 2011). In the extrapolation, our measured 287 fluxes from South India were assumed to be representative for the whole of India (see 288 discussion). The estimated uncertainty (coefficient of variation, see Methods) was 19% for the 289 CH4 flux and 56% for the CO2 flux. open wells being connected to underground aquifers. These high CO2 concentrations were likely 311 due to mineral weathering and microbial processes in the surrounding soil. However, substantial 312 CO2 emissions and oversaturation were also frequently noted from surface waters with more 313 limited connection to ground water and with high primary production (e.g. ponds). pCO2 314 measured in lakes, rivers and reservoirs were low when compared to ponds and open wells. 315
Canals emitted CH4 and CO2 at flux rates comparable to rivers. The CO2 fluxes from the springs 316 were high and comparable to ponds, which reflect that they were fed by groundwater. 317
The diel studies of CO2 revealed that systems being CO2 sinks during day-time were CO2 sources 318 if the dark period fluxes were included. Absence of measurements in those periods could 319 underestimate CO2 emissions. The importance of accounting for diel cycles in CO2 fluxes has 320 been demonstrated in a few studies before (e.g. Sellers et al., 1995; Huotari et al., 2009) . 321
Previous tropical and sub-tropical studies of CH4 flux in some water bodies of India and South 322
America showed a range of -3.1 to 325 mmol m -2 d -1 (Table 2) . Studies in India have measured 323 higher rates of CH4 emission from polluted waters and waters with macrophytes (Singh et al., 324 2000; Nirmal Rajkumar et al., 2008; Mallick & Dutta, 2009) . A study by Singh et al. (2000) in 325 some man-made water bodies in Lucknow (India) has measured lower CH4 emissions when 326 compared to natural water bodies because of lower organic carbon content in the sediments. 327
Methane emissions from South America's water bodies were generally higher than what has been 328 measured in India so far (Table 2) . Again higher CH4 emissions were recorded over macrophytes 329 and open water fluxes were much lower (Devol et al., 1988; Melack et al., 2004) . Thus the range 330 of CH4 emissions measured in our study from 45 water bodies were within the range previously 331 reported from tropical waters. 332
Carbon dioxide flux measurements, being much rarer than pCO2 measurements, in four Indian 333 systems and in South America, ranged from 11 to 979 mmol m -2 d -1 (Table 3 ). Higher pCO2 334 levels were found in coastal waters in India during the monsoon season (Gupta et al., 2008; 335 Gupta et al., 2009; Sarma et al., 2011) . Higher CO2 concentrations were observed in water in 336 macrophyte covered areas when compared to the open water lakes in Paraguay river and its 337 tributaries in a study in Pantanal (Hamilton et al., 1995) . The maximum pCO2 measured in our 338 study was lower than maximum levels measured in studies in India and South America. This 339 could be due to a methodological constraint in our case as 0-10000 ppm was the specified range 340 of our infrared detector. The pCO2 in some ponds in our study could have been higher than we 341 could reliably measure. The concentration of CO2 and the fluxes in the 11 rivers in our study was 342 low when compared to estimates from rivers in the Amazon basin (Richey et al., 2002; 2009) . 343
Thus, the CO2 fluxes measured in this study were generally in the lower part of the previously 344 estimate flux range, and with the difference that we found a few systems being small CO2 sinks 345 (or in equilibration with the atmosphere), during day time. 346 347
Extrapolation of fluxes 348
Our CH4 emission estimate of 2.1 Tg CH4 yr -1 was slightly lower than the previous estimate from 349 inland and coastal waters for the whole of India A study in some natural and man-made inland waters in north-India has shown that CH4 361 emissions were higher in summer months (Singh et al., 2000) . Methane emissions from open 362 waters were found to be relatively constant during low and high water seasons in studies 363 conducted in the Amazon river basin (Bartlett et al., 1990; Devol et al., 1990) . Studies in 364
Pantanal lakes and flood plains showed that the diffusive CH4 emissions were slightly higher 365 during the high water season than the low water season (Marani & Alvalá, 2007) . 366
A study in the Godavari estuary, Cochin estuary and Chilka lake (brackish lagoon) in India has 367 found substantially higher levels of pCO2 during monsoon fed peak discharges when compared 368 with the dry periods (Gupta et al., 2008; Gupta et al., 2009; Sarma et al., 2011) . Carbon dioxide 369 concentration measurements in Amazon rivers and floodplain lakes have shown that the 370 concentrations were higher in high water season due to increase in carbon inputs and respiration 371 (Richey et al., 2002; Rudorff et al., 2011; Rasera et al., 2013) . Studies in West African rivers and 372 in a subtropical monsoon river have shown a decrease in pCO2 during high flow because of 373 dilution by flood waters (Yao et al., 2007; Koné et al., 2009) . 374 In summary, these tropical studies are not showing any conclusive general patterns, indicating 375 increased CH4 and CO2 emissions during high water (wet season) in some cases and decreased or 376 no change in emissions in some other cases. A combination of availability of substrates, water 377 depth, temperature, ebullition and macrophytes could play a role in seasonal variations and how 378 this affects our estimates remains unknown so far. We therefore assumed our average flux values 379 to be constant over the year and only accounted for the seasonal change in inland water area in 380 the extrapolation. 381
382
Possible inaccuracies in inland water area 383
The first Indian inventory of ecologically and socio-economically important inland and coastal 384 waters for conservation purposes was made by Scott (1989) . This estimated the total area to be 385 582,000 km 2 , including area under rice cultivation, but excluding rivers. The first national 386 inventory of all the inland and coastal waters using satellite images taken during the years 1992-387 93 at 1:250,000 scale was prepared by Garg et al. (1998) . The total area was estimated to be 388 82,600 km 2 excluding rice fields, rivers, irrigation channels and canals. The recent update to this 389 inventory (total area of about 152,600 km 2 ; excluding rice fields) was provided using satellite 390 images from the years 2006-07 at 1:50,000 scale by SAC (2011). Here the minimum size of 391 water body mapped was 0.022 km 2 , whereas in the 1998 estimate it was 0.56 km 2 . The latest 392 inventory estimates the area of rivers/streams to be around 52,600 km 2 , which partly explains the 393 big difference in the area by both inventories. The rest could be attributed to the higher resolution 394 images used by the 2011 inventory. Yet, the most recent river/stream area does not include 395 streams with areas smaller than the threshold. Thereby our study underestimates the river/stream 396 fluxes. 397
In a recent review of the 2011 inventory by Seenivasan (2013), it has been pointed out that a 398 large number of man-made tanks/ponds may be missing from the inventory when compared with 399 independent sources of data. Confusions in designating water bodies as man-made tanks/ponds or 400 natural lakes/ponds could have led to overestimating the natural lake/pond area in some regions 401 of India (Seenivasan, 2013) . If these claims are true, our extrapolated emission estimates is 402 underestimated because our average measured emission of CH4 and CO2 from man-made 403 tanks/ponds were higher than the average natural lake emission (Table 1; Table S2 ). 404
Other uncertainties 406
The extrapolated fluxes presented here is likely conservative (i.e. underestimated) for several 407 reasons in addition to those given above, including: 408
(1) Ebullition is one CH4 emission pathway which is challenging to measure because 409 bubbling events are episodic. Due to the short incubation periods and the limited spatial 410 coverage of the floating chambers, ebullition was probably underestimated in our study. 411
(2) Plant mediated emission is another important pathway for emission of CH4 (Laanbroek, 412 2010) . In this study, plant mediated emissions were not measured and water area under 413 aquatic vegetation was excluded in extrapolation. Therefore, the CH4 flux from aquatic 414 systems with plants was underestimated by our measurements. 415 (3) Many types of inland waters were excluded due to lack of representative flux data. For 416 example, we did not sample the categories referred to as high altitude wetland, natural 417 and man-made waterlogged and salt pans (5.6 % of the inland water areas; see Appendix 418 S1 for description of water types) and thus excluded them from the extrapolation (Table  419 4). Nor were coastal waters and other small water bodies (<2.25 ha) considered. 420
The extrapolation to larger areas, in this case from measurements in South India to an 421 extrapolated measurement of whole India, has to be interpreted carefully. Given the multiple 422 reasons that we underestimate regional fluxes, and the fact that our measurements were in the low 423 range of previous comparable studies from North India (Table 2 and 
Inland water GHG emissions versus the land sink 428
In the national greenhouse gas inventory of India, wetlands (inland and coastal waters) were 429 considered in the Land Use, Land Use Change and Forestry (LULUCF) sector (INCCA, 2010) . 430
Because the data on inland and coastal water emissions were scarce, they were not included in the 431 budgets, and the LULUCF sector was estimated to be acting as a sink of 177.0 Tg CO2 yr -1 in 432
2007 (INCCA, 2010) . However, the here presented data show that India's water bodies are 433 emitting large amounts of CH4 and CO2 to the atmosphere. If our CH4 flux is expressed as CO2 434 equivalents and combined with the CO2 flux, and assuming a representative extrapolation, about 435 75 Tg CO2 equivalents yr -1 is being emitted from India's inland waters (Table 4) . This is equal to 436 about 42% of the estimated land sink of India. 437
Accounting for the estimated uncertainty, the emissions are 53 -98 Tg CO2 equivalents yr -1 (± 1 438 SD) and the corresponding reduction in land carbon sink 30 -55%. Even the lower parts of this 439 range imply a significant impact of inland water emissions, although we think the fluxes are more 440 likely to be underestimated than overestimated as stated above. Accordingly it is likely that more 441 than 42% of the estimated land CO2 equivalent sink is returned by inland water emissions. Table S1 . Locations, water temperature, pH, electrical conductivity and some characteristics of 581 the 45 systems sampled for this study. 582 Table S2 . Fluxes and concentrations of CH4 and CO2 from all the studied systems. Total CH4 583 fluxes include ebullition and diffusion. Uncertainty estimates denote ± 1 standard deviation. 584 Appendix S1. Brief definitions of the categories of inland waters used in SAC (2011). 585 Table S1 . Locations, water temperature, pH, electrical conductivity and some characteristics of all the 45 systems sampled for this study. Table S2 . Fluxes and concentrations of CH4 and CO2 from all the studied systems. Total CH4 fluxes include ebullition and diffusion. Uncertainty estimates denote ± 1 standard deviation.
Appendix S1. Brief definitions of the categories of inland waters used in SAC (2011). In all the rivers, the sampling spots were located in the middle reaches of the river c Conductivity greater than 20 mS/cm (exceeding instrument range) since it was a brackish water lake
